The protein ASH (for abundant Src homology), composed of one Src homology region (SH) 2 and two SH3 domains, was cloned by screening human and rat cDNA libraries with an oligonucleotide probe directed to a consensus sequence of the SH2 domains. The rat-derived ASH peptide was comprised of 217 amino acids with a molecular mass of 25-28 kDa and was found to be ubiquitous in rat tissues. A human cDNA clone was also found to code for part of the same protein, suggesting that ASH is common to human and rat. The amino acid sequence of ASH was strikingly similar to Sem-5, the product of a nematode cell-signaling gene, and ASH is most probably a mammalian homologue of Sem-5. ASH bound in vitro to phosphotyrosine-containing proteins, including activated epidermal growth factor receptor, the ASH SH2 domain being responsible for the binding. Induced expression of an antisense ASH cDNA led to a reduction in cell growth. Considering these observations and the structural homology to Sem-5, ASH is likely to function as a ubiquitous signal transducer, possibly resembling Sem-5, which communicates between a receptor protein tyrosine kinase and a Ras protein.
The Src homology regions (SH) 2 and 3, sequences conserved among noncatalytic regions of nonreceptor tyrosine kinases (1, 2) , have been found in a variety of oncogenic, signaling, and cellular substructure-associated proteins (3) (4) (5) (6) (7) (8) . Both the SH2 and SH3 domains are considered to be involved in intermolecular interactions (for review, see ref. 9 ). In particular, the SH2 domains bind to subsequences bearing phosphotyrosine (P-Tyr) (10) [or phosphorylated serine/ threonine (11) ] in the target molecules such as protein tyrosine kinases, thereby rendering efficient modifications (e.g., tyrosine phosphorylation) to the SH2-containing proteins themselves or their targets (9, 12, 13) . Because protein phosphorylation and dephosphorylation have been established to constitute critical steps in intracellular signal transduction (14, 15) , SH2 domain-mediated signaling events are also implicated in this process. To elucidate the roles of the SH2 domains in cell regulation, however, it is of importance to investigate the multiplicity and diversity of the SH2containing molecules. Here we report an approach to the search for other SH2-containing molecules and discovery of a gene product (referred to as ASH) composed of one SH2 domain and two SH3 domains, ASH is highly homologous to Sem-5 (16) , the product of a nematode gene, responsible for communication between a receptor protein tyrosine kinase and a Ras protein.t
MATERIALS AND METHODS
Cloning of the Src Homology-Containing Molecules. Oligo(dT)-primed cDNA libraries in AZAP (Stratagene) (17) were constructed with poly(A)+ RNA fractions prepared by the guanidine method (18) from preconfluent cultures of TIG-1 human fibroblasts (19) and 3Y1 rat fibroblastic cells (20) (both from the Japanese Cancer Research Resources Bank). An oligonucleotide mixture GTGGTYTCRCTC-TCBCKBAYVAGGAAGG, complementary to the conserved sequence FL(V/I)RESET in the SH2 domains, was synthesized with a DNA synthesizer model 391 (Applied Biosystems). These oligonucleotides were labeled at the 5' end with [y-32P]ATP and used as a probe to screen the libraries blotted onto Hybond-N filters (Amersham), according to the manufacturer's instructions. Positive clones were self-excised into pBluescript (17) and partially sequenced by using the T7 deaza sequencing system (Amersham); then the European Molecular Biology Laboratory and GenBank data bases were searched. Comparison of the cDNA clones was also done by cross hybridization, in which cDNA inserts were spotted on filters and probed with individual cDNAs random-labeled with [a-32P]dCTP (Pharmacia system). Of the independent clones, human-derived pSH34 and ratderived pSH030 were selected for further analysis in the present study. An oligo(dT)-primed cDNA library in AgtlO (Amersham system) was constructed with poly(A)+ RNA from the brain of male Fischer 344 rats and was screened by using the cDNA insert of pSH030. A positive clone ARBb was digested with Bgl I/HindIII and subcloned into pBluescript (pRBb), the EcoRI fragment of which was re-subcloned into pBluescript (pRBb3). Both strands of these clones were sequenced at least twice. The nucleic acid sequences were analyzed with the computer program PC/GENE (IntelliGenetics).
RNA Blotting Analysis. 3Y1 and TIG-1 cells were inoculated at a split ratio of 1:16 and cultured for 3 days in Dulbecco's modified Eagle's medium/l0o fetal bovine serum. Total RNA was prepared from the cultured cells and various tissues ofadult male Fischer 344 rats by the guanidine method (18) . The preparations (10 ,ug each) were separated in a 0.8% formaldehyde agarose gel, blotted to Hybond-N filters, and probed with the cDNA insert of either pSH030 or pSH34 random-labeled with [a-32P]dCTP.
Binding of ASH to P-Tyr-Containing Proteins. BamHI-Kpn I fragments of pSH030 and pSH34 (both sites on the vector) were inserted into the BamHI site of pGEX-3X (21) (Pharmacia) to obtain plasmids expressing a glutathione S-transferase (GST)-fused ASH ABC peptide (containing amino acids 15-217 ofASH and an additional 15 amino acids derived from the vectors) and GST-ASH BC (containing amino acids 58-217 of ASH and an additional 15 amino acids derived from Abbreviations: EGF, epidermal growth factor; GST, glutathione S-transferase; P-Tyr, phosphotyrosine; SH, Src homology region. *To whom reprint requests should be addressed. tThe sequences reported in this paper have been deposited in the GenBank data base (accession nos. X62852 and X62853).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. the vectors). Similarly, a BamHI-BstXI fragment (BstXI site at nucleotide 177) and a BamHI-Spl I fragment of pSH030 (Spi I site at nucleotide 477) were used to construct the plasmids GST-ASH A (containing amino acids 15-57 and an additional 21 amino acids from the vectors) and GST-ASH AB (containing amino acids 15-161 and an additional 20 amino acids from the vectors). The fusion proteins were purified with glutathione-Sepharose (21, 22) . After exposure to 0 nM (control) or 100 nM epidermal growth factor (EGF) for 5 min, A-431 cells (American Type Culture Collection CRL 1555) were lysed and analyzed, essentially as reported (22) . Lysates corresponding to 100 ,ug of cellular proteins were incubated with glutathione-Sepharose bearing the fusion proteins (15 ;kg), washed and, after boiling in SDS A Rat Proc. NatI. Acad. Sci. USA 89 (1992) sample buffer, directly subjected to SDS/10% PAGE followed by immunoblotting with a monoclonal anti-EGF receptor antibody (Oncogene Sciences, Mineola, NY). In a parallel experiment three times the above amounts of the lysates and fusion peptides were processed identically for detection with an anti-P-Tyr antibody Py2O (ICN) and the enhanced chemiluminescence (ECL) immunoblotting detection system (Amersham).
Transfection of3Y1 Cells with ASH-Expresing Plasmids. For construction of ASH-expressing plasmids, pRBb3 was digested with Xba I and Kpn I (both sites in the vector) and inserted into the Nhe I site ofpMAMneo (Clontech). Plasmids bearing the ASH cDNA in the sense and ahtisense orientations were both obtained. 3Y1 cells were transfected with each
Rat AGGGGGGACATCCTTAAGGTTTTGAATGAAGAGTGTGATCAGAACTGGTATAAGGCAGAA 120
Rat TCCAGGAACCAGCAGATATTCCTCCGGGACATAGAACAGGTGCCACAGCAGCCAACGTAC 480
Rat plasmid DNA (-6 pug per 90-mm dish) with the Stratagene transfection kit and cell clones resistant to active G418 (Geneticin) at 100 ug/ml were maintained in the presence of G418 at 50 ,ug/ml. The clones established after transfection with pMAMneo (vector alone), pMF11 (pMAMneo bearing pRBb3 cDNA in the sense orientation), or pMF4R (pMAMneo bearing pRBb3 cDNA in the antisense orientation) and mocktreated cells (identically processed during transfection without exogenous DNA and untreated with G418) received medium/i ,uM dexamethasone or control medium on the day after plating at 104 cells-cm-'. Cell number and morphology were recorded daily. RESULTS Cloning of ASH. TIG-1 and 3Y1 cDNA libraries were screened by using an oligonucleotide mixture as a probe directed to a consensus sequence in the SH2 domain. About 60 positive clones out of 250,000 TIG-1 clones and 40 positive clones out of 250,000 3Y1 clones were analyzed by cross hybridization and partial sequencing, resulting in the identification of four human and five rat distinct cDNA clones [ranging from 0.9 kilobases (kb) to 3.1 kb], which were thus far unknown in a search of European Molecular Biology Laboratory and GenBank data bases. Among those clones some cDNAs were found to bear SH2-like sequences-e.g., a rat clone pSH041 coded for a sequence FsVRESgkfqG-farLS (uppercase letters for highly conserved amino acids in the SH2 domain; see Fig. 2A ).
pSH030 (rat, 1.0 kb) and pSH34 (human, 0.9 kb) were both found to encode the identical sequence FLIRESEaPGdf-SLSV, almost a perfect match to the consensus sequence. In screening a rat brain library with pSH030 cDNA, 29 positives were found out of 440,000 plaques. Clone ARBb, containing a cDNA of 1.1 kb, was subcloned to obtain pRBb and pRBb3, which were fully sequenced and compared with pSH030 and pSH34 (Fig. 1A ). pRBb and pRBb3 had an open reading frame encoding a peptide comprised of 217 amino acids. The nucleotide sequence of pSH030 was 100% identical to that of pRBb apart from a lack of79 5'-terminal bases, indicating that they were derived from an identical transcript. pSH34 appeared to be a truncated fragment of a human counterpart of the same protein because its deduced amino acid sequence was identical, where applicable, to that of pRBb, despite an 8% difference in the nucleotide sequence of the putative coding region. The deduced protein of pRBb was composed of (from the N terminus) SH3, SH2, and SH3 domains (referred to as A, B, and C regions in this report; Fig. 1B) , all matching the consensus sequences (Fig. 2) . No other domain was present; hence the gene was named ASH (abundant Src homology).
In a search of the data bases no protein thus far registered was found to be highly homologous to ASH. A recent study (16) , however, reported cloning of the nematode protein Sem-5. Comparison showed that ASH and Sem-5 share striking structural similarities: They have similar sizes (217 amino acids vs. 228 amino acids), the same SH orientation (SH3-SH2-SH3), and highly homologous sequences (Fig. 2 ; 58.5% identity with an additional 9.2% amino acid similarity in an alignment with a computer program). They both lack functional domains other than the SH domains, indicating that they belong to the same class of protein as v-Crk (3) and Nck (24) .
Transcripts Encoding ASH. The rat ASH-encoding cDNA sequence contained an in-frame stop codon upstream of the putative initiation codon (Fig. 1 ), preventing a larger open reading frame. Because the molecular mass of the peptide encoded by the pRBb3 cDNA is 25 kDa by calculation and 28 kDa by SDS/PAGE of the in vitro transcription/translation product (data not shown), ASH is considered to be a 25to 28-kDa protein. RNA blotting analysis ( Fig. 3) showed that ASH cDNA bound to 1.4to 1.5-kb and -5-kb transcripts in TIG-1 cell total RNAs and to 1.4to 1.5-kb and -4-kb transcripts in total RNA from 3Y1 cells, as well as to all rat RNA: tissues examined. Because probing rat cell RNAs with human-derived cDNA and vice versa gave identical results, although with weaker signals, both types of transcript were confirmed to share sequence homology to the ASH cDNAs. The 1.4-kb transcript is similar to the pRBb cDNA in size and, therefore, the ASH cDNAs cloned are likely to have been derived from this species of transcript. Consistently, Sem-5 is encoded in a 1.5-kb mRNA (16) . With regard to cell growth-related fluctuations, the ASH message was 3-fold more abundant in exponentially growing human fibroblasts than in confluent or serum-deprived cells, and simian virus 40 and -ray irradiation-transformed human fibroblasts both expressed an -5-fold higher level of ASH mRNA than untransformed counterparts (unpublished observation).
Size and abundance of the larger transcripts relative to the 1.4-kb transcript differed between human and rat ( Fig. 3) . Their abundance was unaffected by a change in cell growth state and transformation (unpublished observation). As the larger transcripts were also detected in a poly(A)+ RNA fraction (data not shown), they are unlikely to be unpro-cessed mRNA precursors. Therefore, the transcripts may encode a distinct ASH subspecies or homologue, although a clone >1.5 kb has not been found among the total of 35 positives in the present screening with the ASH cDNAs.
Binding of ASH to P-Tyr-Containing Proteins. Because ASH contains an SH2 domain, which recognizes and binds to P-Tyr-bearing peptides (10) , the ability of ASH to bind to P-Tyr-containing proteins was examined. Lysates of A-431 cells treated or untreated with EGF in vivo were fractionated by incubating with ASH fragments fused to GST. Immunoblotting analysis with a P-Tyr-directed antibody detected a number of proteins binding to GST-ASH ABC, GST-ASH AB, and GST-ASH BC fusion proteins (but not to GST alone or GST-ASH A) only in EGF-stimulated (hence, tyrosine phosphorylation-enhanced; ref. 25 ) cells (Fig. 4A) . The results indicate that the B (or SH2) domain of ASH is responsible for binding to P-Tyr-containing proteins. The 180-kDa protein, the major signal detected with the anti-P-Tyr antibody, also reacted with an anti-EGF receptor antibody and, therefore, was identified as the EGF receptor (Fig. 4B) .
Expression of ASH cDNA in Rat Cells. When 3Y1 cells were transfected with the glucocorticoid-inducible expression vector pMAMneo bearing an ASH cDNA in the sense and antisense orientations, the sense cDNA exerted no notable changes in cell growth and morphology but, in contrast, transfection with the antisense cDNA followed by dexamethasone induction decreased cell growth rate (by 69-85%, as compared with the dexamethasone-untreated control; data not shown) as well as a markedly flattened cell shape (Fig. 5 ), which was apparent by day 2 of induction.
DISCUSSION
The SH domains have been found in a variety of proteins and have been proposed, and established in some cases, to function as signal-transducing elements responsible for interactions between cell membraneand cytoskeletonassociated signaling proteins (e.g., cell-surface receptors) and cytoplasmic counterparts (e.g., nonreceptor protein tyrosine kinases). Recent discoveries of additional SHcontaining proteins suggest that the molecules are more divergent and are involved more widely in cell regulation than were once considered. Therefore, the present study has been directed to the search for thus-far-unknown SH-containing molecules, which should help in understanding the processes of signal transduction. The presence of highly conserved subsequences in the SH domains enabled us to use an Proc. Natl. Acad. Sci. USA 89 (1992) 2 1 oligonucleotide mixture of low degeneracy as an efficient probe to screen libraries, resulting in the finding of ASH.
One of the most notable features of ASH is that it is almost exclusively composed of the SH domains, similar to v-Crk (3) and Nck (24) . The recently reported also belongs to this class. As a comparison of the sequences shows, ASH and Sem-5 are so similar that they should be regarded as mammalian and nematode homologues of the same molecule. Sem-5 has been found to play a role in vulval induction by communicating between Let-23 (a receptor protein tyrosine kinase similar to the EGF receptor) and Let-60 (a Ras protein) (16) . A possible mechanism for Sem-5 action is that the SH2 domain binds to Let-23 in a P-Tyr-dependent manner, thereby permitting the SH3 domain(s) to interact with a third party that triggers signaling events involving Let-60. Sem-5 also functions in sex myoblast migration and larval survival (16) .
Although ASH function in cell physiology is yet to be revealed, it is conceivable by analogy to Sem-5 that ASH is also involved in cell regulation. ASH has the capability of binding to P-Tyr-containing proteins, including the EGF receptor in vitro (and presumably in vivo), with its SH2 domain, although it has yet to be determined what molecules actually interact with ASH in vivo. Because we have observed that levels of the transcript considered to be the ASH mRNA are much higher in both growing and transformed cells (unpublished observation), ASH may play a role in the signaling pathways for cell growth regulation. Consistent with this idea, expression of an antisense ASH cDNA interfering with endogenous ASH production resulted in slower cell growth.
The present search for SH-containing molecules by screening with a probe directed to an SH consensus subsequence led to the discovery of ASH. The approach used has been useful and is applicable to an extensive search for other unknown molecules, which would help understand the mechanisms of cell regulation.
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